We determine and analyze the photocurrent J ph in polymer solar cells under conditions where, no, one, or two different charge carriers can be injected by choosing appropriate electrodes and compare the experimental results to simulations based on a drift-diffusion device model that accounts for photogeneration and Langevin recombination of electrons and holes. We demonstrate that accounting for the series resistance of the device is essential to determine J ph . Without such correction, the results are, even qualitatively, incorrect. We show that in solar cells with forward bias applied J ph is reduced by recombination of photogenerated charge carriers with injected charge carriers. Self-selective contacts or band bending are not necessary to explain the effects. Without injecting contacts J ph is symmetric around the compensation voltage. A simple analytical model shows that under high forward bias J ph scales inversely with 1 + ξγ pre , in which γ pre represents the extent of Langevin recombination and ξ is a positive constant. Under conditions where Langevin recombination is very low or when electron and hole mobility are a very different, photogenerated charge carriers can affect the space-charge field and modify the injection of charge carriers. We show by simulations and experimentally that under such conditions the photocurrent can exceed that charge generation such that, effectively, photocurrent multiplication occurs.
I. INTRODUCTION
Polymer solar cells generally consist of two complementary organic semiconductors with offset energy levels. 1 Absorption of light in either of the two materials produces an exciton which dissociates into electrons and holes when it diffuses to the interface of the two semiconductors. Because the exciton diffusion length in organic semiconductors is limited to about 10 nm, polymer solar cells often use a bulk heterojunction architecture in which the two materials are mixed into an interpenetrating nanoscopic network to ensure efficient exciton dissociation. Polymer solar cells further use two electrodes with different work functions to create a built-in electrical field that causes the photogenerated electrons and holes to be separated spatially and be collected. Hence, the work function difference of the two electrodes determines the polarity of the device and limits its open circuit voltage V oc , provided the difference is less than the energy of the interfacial chargeseparated state. 2, 3 To maximize V oc , the electrode materials are chosen such that their work functions are able to create Ohmic contacts with the photoactive layer. 4 This is achieved when the work function of the hole-collecting contact aligns with the highest occupied molecular orbital (HOMO) level of the electron donor, p-type material, and that of the electroncollecting contact aligns with the lowest unoccupied molecular orbital (LUMO) of the electron acceptor, n-type material.
In this particular alignment of energy levels the device acts as a diode in the dark because carriers can be injected and transported through the device only for voltages higher than the built-in voltage (forward bias). Under illumination and in reverse bias, where injection is largely inhibited, the current is determined by the amount of photogenerated free charge carriers, their transport through the active layer, the recombination between carriers, and their collection at the electrode. In forward bias, the situation is more complex because injected and photogenerated carriers are present simultaneously. In optimizing the performance of polymer solar cells the electric field dependence of the photocurrent density J ph , defined as the difference between the illumination (J light ) and dark (J dark ) current densities, J ph = J light −J dark , is an important parameter. Ideally, J ph would be weakly dependent on the electric field because this would maximize the fill factor (FF) of the solar cell and thereby the power conversion efficiency.
One way to probe the electric-field dependence of photogenerated carriers is to measure the photocurrent. In reverse bias, where the dark current is virtually zero, the photocurrent is equal to the illumination current (J ph = J light ). However, in forward bias, where also the injected charges contribute, the photocurrent cannot be determined reliably from standard current density-voltage (J -V ) measurements. Ooi et al. demonstrated that the photocurrent is easily overestimated under illumination since the sample heats up such that the dark and illumination currents are measured at different temperatures. 5 An elegant solution to suppress the effect of heating the substrate under illumination is to use a pulsed white light-emitting diode (LED). 5 By keeping the on-off cycles of the LED shorter than the cooling and heating time of the sample, the dark and illumination currents are measured at the same temperature.
With this technique Ooi et al. studied photocurrent generation in poly(3-hexylthiophene): [6, 6] phenyl-C 61 -butyric acid methyl ester (P3HT:PCBM) solar cells sandwiched between a transparent indium tin oxide electrode covered with poly (3,4-ethylenedioxythiophene) :polystyrenesulfonate (PEDOT:PSS) and an aluminum back electrode. They observed that the J ph -V curve is nearly symmetric around a well-defined point called the point of optimal symmetry (POS). 5 The POS is observed to occur at a nonzero photocurrent such that the photocurrent is asymmetric around J ph = 0 and hence different under forward bias as compared to reverse bias. According to Ooi et al. , the POS is located at the built-in voltage (V pos = V bi ) and corresponds to the flat-band condition of the solar cell. The J ph -V curve can be decomposed into a voltage (field) dependent J ph (V ) component and a constant voltage-independent J ph (V pos ) component. Ooi et al. explained that the voltage-independent J ph (V pos ) component results from a net diffusive photocurrent due to self-selective electrodes. A self-selective electrode is an electrode which collects only one type of charge carrier and blocks the other type of carrier. The field-dependent photocurrent J ph (V ), which results from an improved extraction of carriers with increasing electric field, is shifted by the constant diffusive photocurrent J ph (V pos ).
Limpinsel et al. also studied the photocurrent in P3HT:PCBM solar cells and made very similar observations but presented an alternative explanation. 6 Limpinsel et al. agree that the J ph -V curve consists of a voltage-independent J ph (V pos ) and a voltage-dependent J ph (V ) component. However, Limpinsel et al. do not agree on the origin of the POS and of the voltage-independent photocurrent component of the J ph -V curves. They consider that at the POS (V pos ) the solar cell is not at flat-band condition but rather at a quasi-flat-band condition, well below V bi . 6 At the POS the bands are flat in the bulk, but close to the electrodes the valence and conduction bands in the organic layer bend due to the Ohmic nature of the contacts. Hence, in the region close to the contact, where the bands bend, a net electric field exists, which, according to Limpinsel et al., drives the extraction of photogenerated carriers and therefore contributes to a net voltage-independent photocurrent J ph (V pos ). 6 Hence, band bending close to the electrodes would contribute to voltage-independent photocurrent that shifts the field-dependent photocurrent contribution to negative values.
Dibb et al. have analyzed the relationship between the linearity of the light-intensity dependence of J ph and the recombination mechanism in organic solar cells. 7 They demonstrated that it is possible for a cell to exhibit a J ph linear with illumination intensity even if the underlying recombination process that shapes the J (V ) curve is nonlinear. 7 Very recently, Petersen et al. studied the charge extraction and photocurrent in organic bulk heterojunction solar cells using a numerical drift-diffusion model to investigate the effects of injection barriers, selective contacts, different recombination mechanisms, and series resistance on J ph (V ). 8 The modeling results of Petersen et al. 8 are qualitatively consistent with experimental observations of Ooi et al. 5 and Limpinsel et al. 6 and explain the effects by position-dependent equilibrium concentrations and lifetimes of the charge carriers. Importantly, however, Street et al. showed analytically and experimentally that the series resistance in the solar cell's circuit reduces the photocurrent in forward bias. 9 This has significant implications for the interpretation of the J ph -V of data presented by Ooi et al. 5 and Limpinsel et al. 6 because these authors did not correct the measured photocurrent for the series resistance of the electrodes. Consequently, the externally applied voltage deviates from the effective bias, especially in forward bias. Because the photocurrent as a function of effective voltage on the active layer is of physical relevance in understanding the field dependence of the collection of photogenerated charges, the relevance of the results described so far is ambiguous. Furthermore, in interpreting the voltage dependence of J ph the possible effect of injected charge carriers has largely been neglected. 5, 6 These two considerations warrant a more detailed study of photocurrents in polymer solar cells.
Therefore, in the present paper, we study experimentally and numerically the photocurrent as a function of effective voltage in polymer:fullerene bulk heterojunction devices. We name this the internal photocurrent. The experimental J ph -V curves are measured with a pulsed light source setup to minimize the heating effect of the substrate. We take care to correct the experimental J ph -V curve for the effect of the electrodes' series resistances and determine the internal J ph -V curve as a function of the effective applied voltage V eff . We study the internal photocurrent for solar cells based on poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo [3,4- 
with PCBM. PDPPTPT is a small band gap polymer that provides a power conversion efficiency of 4.6% in solar cells with PCBM. 10 We show that the internal photocurrent determined on PDPPTPT:PCBM devices is much larger in forward bias than the external photocurrent. For devices with low injection current, a rather symmetric J ph -V curve around J ph = 0 is observed. No voltage-independent negative photocurrent offset is observed in the internal J ph -V curve for any of the devices.
We further employ numerical simulations in a driftdiffusion model, 11 similar to Petersen et al., 8 to study the internal photocurrent in forward and reverse bias. In the numerical simulations, the effects of bimolecular recombination, injecting contact, and band bending on the J ph -V curve are considered. The simulations show that the J ph -V curves are strongly dependent on the bimolecular recombination rate. In forward bias, the photocurrent is reduced for Langevin-type recombination. When the recombination rate is increased (reduced), the photocurrent reduces (increases) in forward bias. This reduction of the photocurrent in forward bias can be related to an increased recombination between photogenerated carries and injected carriers. The simulations show that neither self-selective nor band bending is needed to observe J ph -V curves, which are asymmetric around J ph = 0.
Furthermore, simulations show an enhanced injection current under illumination for very low recombination rates or for low recombination rates and unbalanced electron and hole mobilities. This enhanced injection current under illumination is related to a modification of the net space charge and of the injection properties of the contacts under illumination. Experimentally, we observed enhanced photocurrent in unannealed and annealed P3HT:PCBM solar cells.
II. EXPERIMENT
PDPPTPT:PCBM (1:2 by weight) devices were prepared by first spin casting a 50-nm-thick PEDOT:PSS (Clevios P, VP Al4083, Heraeus) onto precleaned glass substrate covered with patterned indium tin oxide (ITO, 14 sq −1 ), followed by spin casting a 100-nm-thick PDPPTPT:PCBM layer from chloroform containing 25mg mL −1 1,8-diiodooctane. 10 As back electrodes PEDOT:PSS/Ag, Ag, and LiF/Al were used. For the PEDOT:PSS/Ag device, PEDOT:PSS (Clevios F CPP105D, Heraeus) diluted with 30% vol/vol of isopropanol was spin coated on the PDPPTPT:PCBM layer. The PEDOT:PSS top contact device was masked to avoid spurious photocurrent from areas outside the device area defined by the overlap of the two electrodes, caused by the high lateral conductivity of the Clevios F CPP105D PEDOT:PSS. Ag (100 nm), LiF (1 nm), and Al (100 nm) were thermally evaporated in a vacuum of 10 −7 mbar. The active layer thicknesses of all the devices are determined with a Veeco Dektak 150 Surface Profiler and are ∼100 nm. J -V characteristics are measured with a Keithley 2400 source meter under illumination with a tungsten-halogen lamp with a Schott GG385 UV filter and a Hoya LB120 daylight filter at 100 mW cm −2 light intensity. To measure photocurrents and minimize the heating of the sample under illumination we use a solid-state laser (B&W Tek Inc., 532 nm, 30 mW) and a mechanical chopper (Stanford Research SR 540 chopper, f = 175 Hz) to produce a square wave-modulated illumination source. The device is connected in series to a 2.5 probe resistor and voltage source. The probe resistor is connected in parallel to the input of a lock-in amplifier (Stanford Research Systems SR830), and the amplitude of the recorded signal is proportional to the photocurrent.
III. RESULTS AND DISCUSSION

A. Photocurrent in PDPPTPT:PCBM devices
To investigate J ph -V curves experimentally and study the effect of injected carriers on the J ph , PDPPTPT:PCBM blends were used as the active layer in three glass/ITO/ PEDOT:PSS/PDPTPT:PCBM devices with three different top contacts: LiF/Al, Ag, and PEDOT:PSS/Ag. The J -V characteristics of these three devices, recorded under 100 mW cm −2 white-light illumination, are shown in Fig. 1(a) . The device with the LiF/Al top contact shows the typical performance of a PDPTPT:PCBM solar cell with a short-circuit current J sc = 10.56 mA cm −2 , an open-circuit voltage V oc = 0.79 V, and a fill factor FF = 0.58, providing a power conversion efficiency of η = 4.8%. For the Ag and PEDOT:PSS/Ag different top electrodes, the devices show lower performances due to the reduced V oc 's of 0.74 and 0.27 V, respectively. The reduction of V oc for the Ag and PEDOT:PSS/Ag top contact devices with respect to the solar cell is due to the different effective work functions of Ag and PEDOT:PSS. As can be seen from the J -V characteristics measured under illumination, the current quickly saturates in reverse bias at similar values, indicating identical transport and generation of free charge carriers in the bulk for the three devices in reverse bias. The slight changes in magnitudes of illumination current in reverse bias can be related to optical processes. Different top electrodes can result in different optical interference in the stack and, consequently, in a difference in absorption across the layer. The illumination current of the PEDOT:PSS/Ag device is symmetric around J ph = 0 and saturates in reverse and forward bias at similar values.
The dark J -V curves clearly show the effect of the top electrodes on the dark currents J dark [ Fig. 1(b) ]. For the LiF/Al top electrode the dark current is large in forward bias at +2 V bias; for the Ag electrode the dark current is about five times lower, while for the PEDOT:PSS/Ag device the injection current is strongly suppressed. The magnitude is related to the injecting properties of the top electrodes. The LiF/Al top electrode forms an Ohmic contact with the PCBM acceptor, which has a LUMO energy at −4.2 eV. Ag has a higher work function than LiF/Al and creates an electron injection barrier that reduces the dark current. PEDOT:PSS/Ag has the highest work function, and electrons cannot be injected such that the dark current is strongly suppressed. The low dark current for the ITO/PEDOT:PSS/PDPPTPT:PCBM/PEDOT:PSS/Ag device demonstrates that at both PEDOT:PSS contacts large hole and electron injection barriers are present. It also implies that for the LiF/Al and Ag devices the dark current is electron dominated. The energy difference between the HOMO of PDPPTPT (−5.5 eV)10 and the work function of PEDOT:PSS (−5.1 eV) indeed suggests a barrier of ∼0.4 eV for hole injection. From the V oc (0.27 V) of the PEDOT:PSS/Ag device, we infer that at that electrode the injection barrier for holes will be larger by the same amount and is about 0.7 V. The large illumination currents in reverse and forward bias for the PEDOT:PSS/Ag device demonstrate that photogenerated carriers can be effectively collected at the PEDOT:PSS electrodes. From the efficient collection of photogenerated carriers in forward and reverse bias and from the estimated injection barriers, electrodes blocking the collection of carriers from the active layer can be excluded. The suppressed dark currents are solely due to injection barriers from the electrode to the active layer.
Since the dark current is very low in the PEDOT:PSS/Ag top contact device, the illumination current (J light ) is equal to the photocurrent (J ph ). The shape of the J ph -V curve for the PEDOT:PSS/Ag top contact device corresponds to the idealized photocurrent that follows from the drift-diffusion model of Sokel and Hughes. 12 In reverse and forward bias all the photogenerated carriers are collected because the electric field is large enough and the photocurrent is only limited by the generation rate of free carriers (G).
Closer to V oc , the electric field decreases, and diffusion of carriers starts to compete with the drift of carriers. Because photogenerated carriers diffuse isotropically out of the device, the diffusion current will not contribute to the net photocurrent close to V oc , and the photocurrent J ph is reduced. At the compensation voltage V 0 the photocurrent cancels (J ph = 0) because the electric field in the device is minimal, and consequently, carriers either diffuse out of the device or recombine between each other.
For the LiF/Al and the Ag top contact devices the illumination current consists mainly of photocurrent below V oc , and close to V oc the photocurrent is low for the same reason as for the PEDOT:PSS/Ag device (diffusion and recombination). At high reverse bias the illumination current saturates since all the photogenerated carriers are collected (J ph = qGL, with q being the elementary charge and L being the thickness). In forward bias above V oc the illumination current consists of photogenerated and injected carriers. With increasing bias, the illumination current becomes quickly dominated by the injected carriers. As already mentioned by Ooi et al., 5 the photocurrent cannot be reliably determined with a standard setup because the substrate and photoactive layers heat up under illumination. In such a case the photocurrent would be overestimated because under illumination and higher temperature the injected carriers have an increased mobility compared to the dark. To determine the photocurrent in forward bias accurately and minimize heating effects, we measured the PDPPTPT:PCBM devices with the pulsed setup described in Sec. II.
Figure 1(c) shows J ph -V curves normalized to the maximum reverse photocurrent of the three PDPPTPT:PCBM devices measured with the pulsed light source. The photocurrent of the PEDOT:PSS/Ag device is nearly symmetric around J ph = 0 and saturates in forward bias and reverse bias at the same maximum photocurrent that was measured with the continuous illumination setup. For the LiF/Al and Ag devices, the photocurrent is reduced in forward bias. This reduction is more pronounced for the LiF/Al electrode where the dark current is larger.
Similar to Ooi et al. 5 and Limpinsel et al., 2 we can identify the hypothesized POS in the J ph -V curves and then decompose the curves into a bias-symmetric voltagedependent photocurrent and a constant voltage-independent photocurrent offset. An alternative view, recently proposed by Petersen et al., 8 is that the photocurrent in forward bias is reduced by the injected carriers, e.g., when these recombine with photogenerated carriers. This view is supported by the correlation between a high dark current and a high reduction of J ph [Figs. 1(b) and 1(c)].
However, it is important to note that for the measured J ph -V curves the resistance of the electrode (mainly the ITO electrode) and the resulting voltage drop over the electrodes when current flows through the device have been neglected so far. According to Street et al., 9 the series resistance of the solar-cell circuit can lead to a reduced photocurrent in forward bias. To correctly interpret the photocurrent curves it is important to determine the photocurrent versus the effective applied voltage V eff on the active layer. This is justified since the transport, collection, and recombination of generated carriers is governed by the electric field across the active layer and the electric field scales with the effective (internal) voltage. To correct for the voltage drops over the electrodes and determine J ph as a function of the effective voltage we first calculate the illumination current I light by adding the photocurrent and the dark current (I light = I dark +I ph ). Then, using V = R s I , the effective voltage is determined for the dark and illumination currents knowing the series resistance of the device (R s = 24 ): V eff = V appl −R s I light/dark . The I -V curves in dark and under illumination versus effective voltage are then given by
The photocurrent density is then calculated by
with A being the area of the illumination spot. The corrected J ph -V curves are shown in Fig. 1(c) for the LiF/Al and Ag devices. For the PEDOT:PSS/Ag device, no correction is needed since the dark current is very low and the J ph -V curve does not change after corrections. The corrected J ph -V curve and the measured J ph -V curve superimpose in the voltage range from −2 V to V oc for the LiF/Al and Ag devices. In the voltage range above V oc the corrected J ph is somewhat larger than the noncorrected J ph for the Ag device and significantly larger for the LiF/Al device. The increase of the corrected photocurrent with respect to the noncorrected photocurrent in forward bias [ Fig. 1(c) ] is due to the difference in voltage drop in the dark and under illumination over the electrodes. Under illumination, the current is larger at the same applied voltage than in the dark and therefore causes a larger voltage drop over the electrodes than in the dark. Consequently, the external illumination current measured at the same applied voltage as the dark current has a lower effective (internal) voltage V eff than the dark current. This will yield a larger reconstructed internal photocurrent.
After correction the J ph -V curve of the Ag top contact device is symmetric around V eff = 0.75 V and seems to saturate in forward bias. We cannot fully exclude an increase of the photocurrent beyond the saturation current above V eff = 1.8 V because it was difficult to measure the Ag top contact device in a larger effective voltage range because at higher current the device degrades due to switching effects.
For the LiF/Al top contact device, the internal photocurrent is much larger than the externally measured photocurrent. At V eff = 1.25 V, J ph has reached half of the reverse saturation current. Because the LiF/Al device does not remain stable at high current densities, it was not possible to measure the internal J ph beyond V eff = 1.25 V. Hence, it was not possible to determine where the photocurrent saturates. From the shape of the corrected J ph -V curve of the LiF/Al device, three scenarios are possible: (i) the photocurrent saturates at maximum photocurrent and is symmetric around the compensation voltage V 0 (close to V oc ), similar to the PEDOT:PSS/Ag and Ag devices; (ii) the photocurrent saturates in forward bias, with J ph reaching a value of 0.5-1 times the saturation current in reverse; or (iii) the photocurrent does not saturate and is larger in forward bias than the reverse bias due to a photomultiplication effect.
From these results it is clear that the strong reduction of the forward photocurrent and the significant offset of the field-dependent photocurrent due to a constant photocurrent contribution as described by Ooi et al. 5 and Limpinsel et al. 6 are not observed for any of the PDPPTPT:PCBM devices, after correcting for the effect of the series resistance R s . Furthermore, because the magnitude of the dark current of the PDPPTPT:PCBM LiF/Al device is typical for polymer:fullerene solar cells and since the internal photocurrent in forward bias strongly increases with respect to the external photocurrent after correction for the series resistance, it is essential to include this correction when measuring photocurrents in organic solar cell above the V oc .
In conclusion, after making appropriate corrections, we do not observe a strong influence of injected carriers on the J ph -V curves of PDPPTPT:PCBM devices. We also did not observe a POS below J ph = 0. The measurements indicate rather symmetric J ph -V curves around V 0 . To better understand how the J ph -V curves can be affected by the injected charges, we perform numerical simulations, which are shown in Sec. III B.
B. Photocurrent simulations
To study the internal photocurrent and investigate how the shape of the internal photocurrent J ph -V curve is affected by bimolecular recombination, injecting electrodes, and band bending, we use numerical drift diffusion simulation. The numerical method is described in detail elsewhere. 11 The numerical program considers diffusion and drift of free carriers in one dimension. Also, space-charge effects are included. The active layer of the solar cell is considered under the effective medium approach, meaning that electrons and holes are transported in the same phase. For sake of simplicity, we do not investigate the influence of disorder and field-dependent geminate recombination. Therefore, we use in the simulations constant carrier mobilities independent of electric field and carrier density, and the generation rate G of free carriers under illumination is considered constant, independent of the electric field and position in the device.
In the simulations a layer thickness of 100 nm is assumed. The relevant energy difference between the HOMO level of the donor and of the LUMO level of the acceptor is the effective band gap, assumed to be E g = 1 eV in the simulations. In the simulations we consider electrodes without and with (0.5 eV) barriers for carrier injection from the electrodes [ Fig. 2(a) ]. Specifically, we consider three different configurations (two noninjecting contacts, two Ohmic contacts, and one noninjecting and one Ohmic contact).
Recombination between free carriers is considered by a Langevin-type recombination rate equation:
where γ pre is a Langevin prefactor, q is elementary charge, μ n and μ p are the electron and hole mobility, ε 0 is the dielectric permittivity of vacuum, ε r is the relative permittivity, n and p are the electron and hole density, and n i is the intrinsic carrier density. The photocurrent density J ph is obtained by taking the difference between the simulated J -V curve in the dark and under illumination. The calculated J ph -V curves are normalized by the maximum photocurrent given by the generation rate of charge carriers qGL. First, we describe the effect of different injecting contacts and bimolecular Langevin recombination (γ pre = 1), following an approach similar to Petersen et al. 8 Complementary to Petersen et al. we then focus on the influence of extremely low recombination rates and of low recombination rates together with unbalanced electron-hole mobilities. Three device configurations are compared: (i) with two noninjecting contacts, (ii) with one Ohmic hole-injecting contact, and (iii) with Ohmic electron and hole-injecting contact [ Fig. 2(a) ]. The simulated J ph -V curves for these devices for γ pre = 1, Fig. 2(b) . For the device with noninjecting contacts a symmetric J ph -V curve around V = 0 V is obtained which saturates in forward and reverse bias. 12 The symmetric J ph -V curve is expected because of the symmetric contacts, and a similar result has recently been described in Ref. 8 . The exact shape of the J ph -V curve will depend on the transport, extraction, and bimolecular recombination of photogenerated carriers. 12 At high reverse or forward bias, all the photogenerated carriers are collected by the electrodes, and the photocurrent is limited only by the generation rate and reaches the maximum photocurrent qGL. When the voltage is decreased from negative or positive bias to 0 V, the photocurrent decreases in magnitude. This is related to a decrease of the electric field across the device, which reduces field-assisted collection of carriers (drift), and to diffusion starting to compete with drift. At 0 V, the photocurrent is canceled because electric field is extremely low and generated carriers either diffuse isotropically out of the device or recombine bimolecularly.
When one injecting hole contact is introduced, the J ph -V curves shift to the right and J ph cancels at 0.31 V. This is because the built-in voltage increases when the work functions of the electrodes are different. In forward bias above 0.31 V, the photocurrent is strongly reduced with respect to the generation rate qGL and saturates at 2 V around 0.4qGL. When two Ohmic contacts are used, the J ph cancels at 0.65 V, and in forward bias J ph is further reduced with respect to qGL, saturating at about 0.2qGL.
The dark current in the simulations of the device with two injecting Ohmic contacts is larger than the dark current of the device with only one hole-injecting contact (not shown here). This is because the device becomes bipolar, and the presence of both injected electrons and holes reduces the net space at the injection contact. Consequently, more electrons and holes can be injected into the device.
14,15 The higher concentration of injected charge carriers apparently reduces the photocurrent due to bimolecular recombination with photogenerated carriers (also see Ref. For devices with Ohmic contacts, we observe an asymmetric J ph -V curve in which one can identify a POS at negative J ph . In calculating this curve, Ohmic contacts have been used, and consequently, self-selective contacts are not needed to observe a POS as proposed by Ooi et al. 5 This conclusion was also obtained by Petersen et al. 8 Comparing the simulated photocurrent curves [ Fig. 2(b) ] for devices with injecting contacts with the experimental J ph -V curves of the PDPPTPT:PCBM devices with Ag and LiF/Al top contacts [ Fig. 1(c) ], the photocurrent in the experiment is much larger in forward bias compared with the simulated curves. This could be related to a reduced recombination rate in the PDPPTPT:PCBM blend.
To further investigate the influence of the bimolecular recombination rate on the photocurrent, we perform simulations on the device with two Ohmic contacts and vary the recombination rate via the Langevin prefactor. Figure 3(a) depicts the normalized J ph -V curves for different Langevin prefactors γ pre . In reverse bias below V 0 , the photocurrent decreases with increasing γ pre . This is related to bimolecular recombination between photogenerated carriers (no carriers are injected in reverse bias). Increasing the recombination rate by increasing γ pre decreases the fill factor [ Fig. 3(a) , below V 0 ]. In forward bias above V 0 , the trend of the reduction of the photocurrent with Langevin prefactor is more pronounced. At γ pre = 10 the photocurrent almost cancels, but when γ pre decreases, the photocurrent increases in forward bias and the J ph -V curve becomes more symmetric. The effect of lowering the bimolecular recombination by setting γ pre < 0.1 will be discussed in Sec. III D.
The stronger response of the photocurrent to the Langevin prefactor γ pre in forward bias clearly evidences that the photocurrent is reduced by bimolecular reduction between photogenerated carriers and injected carriers. In forward bias, the carrier density in the dark and under illumination is a few orders of magnitudes larger than in reverse bias due to injection of carriers. Hence, many photogenerated carriers will recombine with injected carriers, and the recombination rate (of photogenerated carriers) is limited by the injected carriers. Consequently, a modification of the recombination rate via the Langevin prefactor has a strong effect in forward bias. In reverse bias, photogenerated carriers only recombine among each other, and the recombination rate is lower because it is limited by the density of photogenerated carriers, and the effect of a change in γ pre is smaller.
Limpinsel et al. 6 proposed that band banding has a strong influence on the J ph -V curve and is the reason for the POS. Fig. 3(b) . Comparison with Fig. 3(a) shows that the photocurrent is much more reduced in forward bias for a given γ pre when there is no band bending [ Fig. 3(b) ] than with band bending [ Fig. 3(a) ]. Clearly, Figs. 3(a) and 3(b) show that the photocurrent curves are reduced due to bimolecular recombination and band bending is not needed to explain this reduction. We note that band bending is necessary to explain that the voltage at the POS is smaller than the built-in potential [compare Figs. 3(a) and 3(b)], as discussed in detail by Petersen et al. 8 Summarizing, the photocurrent simulations show that the bimolecular recombination of photogenerated charge carriers with injected charge carriers can cause a significant decrease of the photocurrent in forward bias. The same conclusion was recently obtained by Petersen et al. 8 The decrease is strongly modulated by the extent to which bimolecular recombination occurs. In the simulations we assumed Langevin recombination of electrons and holes and adjusted the rate, using a variable prefactor γ pre [Eq. (3)]. The simulations clearly show that to explain a reduction in forward bias it is not necessary to assume charge-selective contacts as suggested by Ooi et al. 5 Likewise, the explanation offered by Limpinsel et al. 6 that the reduction of the forward photocurrent is due to band-bending effects near the electrode does not seem correct because under conditions where band bending was excluded, the reduction of photocurrent in forward bias is even higher than when incorporating band bending.
C. Forward photocurrent model
The effects of reduced photocurrent under forward bias as a result of recombination with injected charge carriers that emerge from the simulations (Fig. 3) can be rationalized with a simple analytical model. For that we first consider the situation of a device with a single Ohmic contact that injects holes under forward bias and assume that the charge-carrier mobilities for electrons and holes are equal (μ = μ n = μ p ). Under continuous illumination the rate equation for photogenerated electrons n ph reaches steady state, i.e.,
with τ being the lifetime of the photogenerated electrons. In high forward bias the density of injected holes p inj will largely exceed the density of photogenerated holes p ph , such that the Langevin recombination rate can be expressed as
In high forward bias we further consider that drift dominates diffusion of charges such that the lifetime of the photogenerated electrons is determined by their average drift time τ drift . Neglecting space-charge effects, the electric field equals V /L, and since, on average, photogenerated electrons need to traverse only half of the active layer in order to reach an electrode, the lifetime is given by 16 
such that the photocurrent density, which is the extraction rate of photogenerated charges, equals
To determine the density of injected holes p inj in high forward bias, we consider the injected current to be space charge limited, such that the average density of injected holes can be expressed as
Combining (4)- (8) results in a remarkably simple expression for the photocurrent under high forward bias:
Figure 4(a) shows the simulated photocurrent for the device under consideration, i.e., having one injecting contact. For a device with unmodified Langevin recombination (γ pre = 1), J ph /qGL equals 0.46 at V = +5 V, close to the value of 0.40 expected from Eq. (9) . Also for other values of γ pre Eq. (9) yields results that are in good agreement with those obtained in the simulations [Fig. 4(b) ].
For a device that has two injecting contacts instead of one, i.e., injection of both electrons and holes, the situation changes. As a result of space-charge neutralization, more carriers will be injected than expected on the basis of Eq. (8) . 15 This increased carrier concentration leads to an enhanced Langevin recombination rate, which reduces J ph . By including an adjustable prefactor ξ to account for this effect, the photocurrent under high forward bias can be expressed as
Figure 4(c) shows the simulated J ph /qGL at V = +2 V for a device with electron-and hole-injecting contacts and the result of Eq. (10) for ξ = 4. Given the crudeness of the approach, the correspondence is rather good and shows that the analysis captures the essential physics correctly.
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Two Ohmic contacts were used in the simulations, and band bending is considered.
significantly reduced, an interesting observation can be made, as seen in Fig. 5 , where the J ph -V curves are shown for a device with two injecting contacts when band bending is taken into account. For γ pre < 0.1 the photocurrent becomes much larger in forward bias than the maximum current expected from the generation rate qGL. This is striking since the current due to photogenerated charges is principally limited by the generation rate. Moreover Eqs. (9) and (10) do not predict this behavior. The fact that in the calculated J ph -V characteristics with γ pre < 0.1 the photocurrent is much larger than qGL can only be explained by a larger injection under illumination than in the dark. Conceptually, the calculated photocurrent can be expressed as
, the photocurrent exceeds J photogenerated light and hence qGL. Such a photoenhanced injection was observed in some organic devices [18] [19] [20] [21] and is known as photomultiplication.
To better understand what causes photomultiplication and illumination-enhanced injection we look at the carrier-density profile across the layer. Figure 6(a) shows the difference in electron density in the device under illumination and in the dark, n(x) = n light (x) −n dark (x), as a function of position x in the device for γ pre = 10 −1 and γ pre = 10 −3 at an applied voltage of 1.5 V. The n can be considered as the additional electron density that is created under illumination. The additional hole density under illumination p(x) = p light (x) −p dark (x) versus x is the mirror symmetric to n(x) at x = 50 nm because equal hole and electron mobilities and two Ohmic contacts are used. 
. Two Ohmic contacts were used in the simulations. The electron injecting contact is at x = 0 nm, and the hole-injecting contact is at x = 100 nm.
abruptly, which is due to a significant increase of bimolecular recombination between electrons and holes because the hole concentration increases several orders of magnitudes close to the hole-injecting contact. Accumulation of photogenerated electrons (holes) close to the hole (electron) injecting contact modifies the space charge at the contact and promotes hole (electron) injection, leading to an enhanced injection under illumination. 14 To verify how the space charge is modified under illumination we plot in Fig. 6(b) p(x) − n(x) , which is the difference between the additional hole and electron densities and corresponds to the net space-charge change under illumination. If p − n = 0, the net space is not modified under illumination, but for p − n = 0 the net space charge has changed by the illumination. Figure 6(b) shows the p − n profile for γ pre = 10 −1 and γ pre = 10 −3 at a voltage of 1.5 V. Clearly, the net space charge is modified under illumination. The most noticeable changes in net space charge ( p-n) occur in the region x = 85-100 nm, i.e., close to the hole-injecting contact. For γ pre = 10 −1 a negative peak in p-n is observed at x = 91 nm, and p-n changes sign at x = 95 nm. Decreasing γ pre to 10 −3 , the negative peak in p-n shifts to x = 97 nm and increases in magnitude; p-n changes sign around x = 98 nm. The shift of the negative peak of p-n (i.e., an enhanced electron density) closer to the hole-injecting contact when γ pre is decreased from 10 −1 to 10 −3 will enhance hole injection under illumination. Likewise, electron injection is enhanced at the electron-injecting contact under illumination because the device is symmetric. The enhanced injection for a decreasing bimolecular recombination rate for γ pre < 10 −1 results from a modification of the net space charge under illumination by the photogenerated carriers. This effect is the most pronounced for very low Langevin prefactors from γ pre = 10 −3 -10 −6 . We note that for P3HT:PCBM solar cells, Langevin prefactors in the range 10 −4 < γ pre < 1 have been reported in different experimental studies. 22−27 The simulations have shown that bimolecular recombination processes are crucial in determining the photocurrent by causing photogenerated and injected carriers to recombine and by changing the space-charge distribution under illumination. Both the bimolecular Langevin recombination rate and the space-charge distribution are also influenced by the mobilities of the charge carriers. Until now we assumed μ n = μ p = 10
To investigate the effect of unbalanced mobilities (μ n = μ p ) we simulated J ph -V curves for γ pre = 0.1 using a constant hole mobility μ p = 10 −8 m 2 V −1 s −1 but an electron mobility that changes from μ n = 10 −8 to 10 −11 m 2 V −1 s −1 (Fig. 7) . Figure 7 (a) shows that if the electron mobility is reduced with respect to the hole mobility, the normalized photocurrent larger in forward bias becomes larger than unity. This evidences that at moderately low Langevin prefactors and unequal hole and electron mobilities photoenhanced injection occurs.
We verified that for γ pre = 1 the photocurrent remains below the saturation current for highly dissimilar mobilities, although J ph /qGL is higher in forward bias compared to equal mobilities. The latter result can be related to the fact that the injected carriers with the highest mobility dominate the recombination with the photogenerated carriers because the density of the injected carriers with lowest mobility will decrease quickly close to its injecting contact due to recombination with the other injected carrier.
The change of the net positive space charge under illumination with respect to the dark ( p-n) is plotted in Fig. 7(b) as a function of position in the devices. A clear change and an absolute increase across the p-n profile is observed when the electron mobility is decreased from μ n = 10 −8 to 10 −11 m 2 V −1 s −1 . This shows that for unequal electron and hole mobilities and γ pre = 0.1, the net space charge is significantly different under illumination compared to the dark, explaining the changes in photocurrent [ Fig. 7(a) ].
The enhanced injection under illumination for unequal mobilities and γ pre = 0.1 can, tentatively, be rationalized by considering (i) that recombination is low enough to allow accumulation of photogenerated carriers and (ii) that the slower photogenerated electron resides longer than the faster extracted photogenerated hole. Therefore photogener- ated electrons accumulate more than the photogenerated holes in the device, creating a charge imbalance, which has to be compensated by additional injection of holes.
In conclusion, the simulations show that photocurrent multiplication can result from a modification of the space charge under illumination either when the recombination rates are extremely low or when the recombination rate is reduced and charge transport is unbalanced.
E. Photocurrent multiplication in P3HT:PCBM devices
The experimentally measured and corrected J ph -V curves of the PDPPTPT:PCBM devices provided no clear evidence for a photoenhanced injection in forward bias [ Fig. 1(c) ]. However, in thick (L = 500 nm) P3HT:PCBM solar cells the signatures of photoenhanced injection of carriers in forward bias can be observed. illumination of a ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al solar cell before annealing (pristine) and after annealing at 80
• C for 10 min and at 130
• C for 30 min. The performance of the P3HT:PCBM solar cells increases with the annealing steps. This is well known and is related to a better crystallization of P3HT and PCBM, improved phase separation, and enhanced charge-carrier mobilities. 28, 29 The dark J -V characteristics show low leakage currents in reverse bias for all the annealing steps [ Fig. 8(b) ]. Without annealing the device has a very low dark current in forward bias due to the low hole mobility of the unannealed P3HT (3 × 10 −12 m 2 V −1 s −1 ) in the blend. 29 When the device is annealed, the dark current increases due to an improved hole mobility upon P3HT crystallization. A striking observation in Fig. 8(a) is the significant increase of the forward current upon illumination compared to the dark for the pristine device and the device annealed at 80
• C. This significant difference between the illumination current and dark current cannot be attributed to the photocurrent because it is much larger than the reverse saturation photocurrent and also not to heating of the solar cell under illumination. The large increase of the current in forward bias under illumination strongly indicates a photoenhanced injection of carriers. After the solar cell is annealed at 130
• C no significant difference in the current density in the dark and under illumination can be seen in the J -V characteristics.
To exclude the heating effects and measure the photocurrent accurately, the J ph -V curves were measured with pulsed illumination for the different annealing steps of the solar cell. The corresponding J ph -V curves are shown in Fig. 8(c) , before and after correcting for the series resistance (R s = 24
). The uncorrected and corrected J ph -V curves before and after annealing at 80
• C superimpose in reverse bias and do not show a significant difference in forward bias because the dark currents are low for these measurements. After annealing the solar cell at 130
• C, the corrected J ph -V curve shows a much larger photocurrent in forward bias than the uncorrected J ph -V curve. This increase of the photocurrent after correction is due to the large injection current of the solar cell in forward bias and due to the voltage drop at electrodes after annealing at 130
• C, similar to the results obtained for the ITO/PEDOT:PSS/PDPPTPT:PCBM/LiF/Al devices [ Fig. 1(c) ].
For each of the three P3HT:PCBM cells, the corrected J ph normalized to the reverse saturation photocurrent [ Fig. 8(c) ] is larger than unity in forward bias. Thus for all the annealing steps photoenhanced injection of charge carriers is observed in forward bias. Comparing the normalized photocurrent at 1.2 V for the different annealing steps, the effect of photoenhanced carrier injection is larger after annealing at 80
• C than at 130
• C and lowest before annealing. This trend can qualitatively be explained by considering simultaneously the effect of the reduced Langevin prefactor and the effect of unbalanced charge transport on the injection current under illumination, as shown in the simulations in Figs. 7(a) and 7(b), respectively. When P3HT:PCBM is annealed, the hole mobility is improved by about three orders of magnitude, while the electron mobility does not vary significantly. 29 29 By studying the bimolecular recombination we recently showed that the Langevin prefactor depends on and decreases with annealing temperature. 16 The estimated γ pre is 0.3 after annealing at 100
• C and 0.09 after annealing at 130
• C. 16 The reduction of γ pre with annealing temperature is likely due to a more extended phase separation in the P3HT:PCBM blend with annealing temperature, 28 reducing the probability of recombination.
The photoenhanced injection of charge carriers is lowest for the pristine device. For this device the electron and hole mobilities are the most unbalanced, but the Langevin prefactor is likely close to unity as a consequence of the intimate mixing, and the photoenhanced injection of carriers is small. By annealing to 130
• C, the Langevin prefactor is reduced (γ pre = 0.09), 16 but the electron and hole mobilities become much more balanced. These two opposing effects cause the result that the photoenhanced injection of charge carriers and photocurrent multiplication are not strongly increased. Figure 8 (c) shows that at 80
• C, the photoenhanced current is largest after annealing at 80
• C. This can attributed to a low Langevin prefactor and a more unbalanced hole and electron mobilities than after annealing at 130
• C.
IV. CONCLUSIONS
We have studied the photocurrent in polymer solar-cell devices under forward and reverse bias experimentally and by performing device simulations using a drift-diffusion model. In the literature examples of reduced photocurrents in forward bias have been reported. 5, 6 We show that these observations are likely significantly and at least partly obscured by the fact that in forward bias the effective voltage over the solar cells is much less than the applied voltage because of a non-negligible series resistance in the electrodes. After correcting for this effect we were not able to find experimental confirmation for reduced photocurrents in forward bias for efficient PDPPTPT:PCBM and pristine and thermally annealed P3HT:PCBM solar cells.
Drift-diffusion simulations have been used to identify the conditions under which reduced photocurrents in forward bias may occur. In accordance with recent results by Petersen et al., 8 we find that the prime cause for a reduced photocurrent in forward bias is bimolecular, Langevin-type recombination of photogenerated and injected electron and holes carriers. Under conditions where Langevin recombination is effective, the forward photocurrent is small. Neither charge-selective contacts 5 nor band bending 6 are needed to explain a reduced forward photocurrent. The latter actually works in the opposite direction because it reduces charge injection. A simple analytical model shows that under high forward bias the photocurrent J ph relative to the generation rate qGL can be expressed as J ph /qGL = (1+ξγ pre ) −1 , with γ pre being the Langevin prefactor and ξ being a positive constant.
Under conditions where Langevin recombination is very low or when electron and hole mobilities are unbalanced combined with a reduced bimolecular recombination, it is possible that the forward photocurrent is enhanced above the generation rate of charge carriers, such that photocurrent multiplication occurs. This effect is caused by a change in the space charge in the device under illumination, such that more carriers are injected in light than in dark. As the space-charge change by illumination is largest when the bimolecular recombination rate constant is low or when mobilities are unbalanced, the parameters contribute to conditions for finding photocurrent multiplication in polymer solar cells. Experimentally, these effects were quantitatively demonstrated in P3HT:PCBM solar cells.
Summarizing, forward photocurrents in polymer solar-cell devices are largely affected by injected charge carriers. A reduced forward photocurrent is expected when photogenerated carriers can effectively recombine with injected charges (see also Ref. 8 ). An enhanced forward photocurrent occurs when recombination is low and the photogenerated charges change the space charge in the cell such that more charges can be injected. When the contacts to the device are noninjecting, the photocurrent is symmetric around the compensation voltage and maximized by the generation rate.
